Laser-induced fluorescence detection of single fluorescent molecules represents the ultimate level of sensitivity for fluorescence-based assays in analytical chemistry, biology, and medicine (1-14). Various groups have achieved singlemolecule detection in solution (1-6) and at surfaces (7-10).
Laser-induced fluorescence detection of single fluorescent molecules represents the ultimate level of sensitivity for fluorescence-based assays in analytical chemistry, biology, and medicine (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) . Various groups have achieved singlemolecule detection in solution (1) (2) (3) (4) (5) (6) and at surfaces (7) (8) (9) (10) . Recently it was possible to characterize single molecules in solution by their fluorescence emission spectra (12) or fluorescence lifetimes (13, 14) . Single-molecule spectroscopy eliminates ensemble averaging and allows individual members of a population to be probed, thereby yielding more direct information regarding the distribution of molecular and kinetic properties. This constitutes a major step toward the study of single-molecule dynamics and molecular recognition in solution. The recent improvements in single-molecule detection lead us to expect many diagnostic applications for such measurement techniques in the near future, such as monitoring enzyme function and conformational dynamics of DNA.
An increasing number of publications (15) (16) (17) (18) (19) employing fluorophores covalently linked to polynucleotide sites illustrate the widespread interest in investigating thermodynamic, kinetic, and structural characteristics of various DNA molecules. Yet the fluctuations of the conjugated fluorophore between several conformational states, each with a different fluorescence quantum yield (15, 16) , introduces a large degree of uncertainty to such evaluations.
Rigler and coworkers recently investigated the structural dynamics measurements of a tetramethylrhodamine (TMR)-labeled DNA duplex in solution (16) and immobilized on a surface (20) . They performed classical ensemble and singlemolecule measurements using fluorescence correlation and time-resolved fluorescence spectroscopy that were completed by time-integrated fluorescence decay measurements of single-molecule transits. These authors proposed a millisecond equilibrium between two conformational states characterized by different photobleaching lifetimes, fluorescence lifetimes of 0.9 and 3.7 ns, and a widely distributed conformational relaxation rate constant obeying a stretched exponential law, which indicates the existence of numerous conformational substates (21) .
So far, conventional confocal spectroscopic techniques (1, 16) have been used to analyze several fluorescence bursts caused by individual molecules diffusing through the microscopic, open measurement volume at once, thereby resulting in an averaging of properties over the single-molecule population under analysis. Fluorescence decay curves have been measured for single molecules (16, 22) , but the signal was integrated over the entire observation time, resulting in a loss of the kinetic information. Therefore, we have developed an experimental technique for specific burst analysis that avoids the inclusion of extraneous events and registers the macroscopic detection time of each single photon event for subsequent kinetic analysis.
In this paper, we describe the identification and detection of different temporally resolved conformational states of a single TMR-labeled DNA duplex during free diffusion. We applied a combination of far-field confocal detection (23) with a further developed two-dimensional real-time spectroscopic technique (24) , denoted burst-integrated fluorescence lifetime (BIFL). Furthermore, it is to our knowledge the first time that the fluorescence lifetime and intensity have been measured simultaneously in single-molecule detection. The dynamics are analyzed in three different ways by direct determination of the relaxation time of the conformational states in fluorescence lifetime traces as well as by autocorrelation analysis of fluorescence lifetime and intensity traces, respectively. the labeled oligonucleotide was hybridized with the circular plasmid of phage M13ala15 in 15 mM sodium citrate͞150 mM NaCl͞2 mM MgCl 2 at pH 7.3 (15) by slow cooling from 80°C to room temperature. For single-molecule detection this solution was freshly diluted in the aqueous hybridization buffer to obtain a concentration lower than 1 pM.
Single-Molecule Fluorescence Measurements. Confocal fluorescence detection was performed with a frequency doubled titanium:sapphire laser [excitation wavelength 522 nm; repetition rate 76 MHz (Mira 900F, Coherent, Palo Alto, CA)] in an optical set-up described previously (23) with an oilimmersion objective (Fluar 40ϫ, numerical aperture ϭ 1.3 oil; Zeiss), a beam-splitter at 530 nm, an 80-m pinhole, and a dichroic band-pass emission filter 582͞50 nm (AF Analysentechnik, Tübingen, Germany). The fluorescence signal was detected by an avalanche photodiode (AQ 151, EG & G; Vaudreuil, Quebec, Canada) and registered by the BIFL module and a real-time hardware-correlator card. The BIFL module consists of a time-correlated single-photon counting unit with Nuclear Electronic Instruments (NIM)-modules and an alternating counter-board of our own design, which is triggered by the NIM analog-digital converter output signal, for measuring the time-lag between two detected photons. For each event, both types of temporal information are stored on a computer interfaced with a PC-board (ATDIO32F; National Instruments, Austin, TX).
Using fluorescence correlation spectroscopy, we determined the radial and axial 1͞e 
RESULTS AND DISCUSSION
BIFL: Fluorescence Lifetime Analysis. Fig. 1 shows the two-dimensional temporal information obtained by pulsed excitation (76 MHz, gray lines) in a typical BIFL measurement. It allows for specific burst selection and yields two different types of information for each recorded photon (black lines): (i) the time lag ⌬t to the preceding signal photon as a measure of the macroscopic detection time of the events in the experiment (millisecond time scale) and (ii) the arrival time of the signal photon relative to the exciting laser pulse measured by timecorrelated single-photon counting (picosecond to nanosecond time scale). In this way, it is possible to monitor the evolution of dynamic molecular processes within a single burst in real time if the fluorescent label used is employed as an environment-sensitive probe whose fluorescence lifetime and intensity are influenced by the molecular dynamics in question. To construct a trace for the evolution of the fluorescence lifetime , a burst analysis may be performed either by a sliding-scale or a jump-directed analysis (see below). In a sliding-scale analysis the signal trace of fluorescence arrival times is binned for the calculation into a series of fluorescence decay histograms with a constant number of events (throughout this report: 80 photon counts), which are subsequently analyzed by a maximum-likelihood estimator (MLE); i.e., the histogram of the events 1-80 yields the first value, the events 2-81 the second, and so on (Fig. 1) . Thereby the macroscopic time information of the trace is obtained by the time lags ⌬t.
For the series of arrival time histograms with k channels and a total time window T (13.3 ns) the fluorescence lifetimes are determined by a pattern recognition technique based on a MLE (23, (26) (27) (28) with the quality parameter 2I* r (29) , which has the lowest misclassification probability for the low number of events used here (26) (27) (28) . Depending on the macroscopic time, the MLE determines two variables for each signal decay 
The principal properties of the sliding-scale analysis are shown in Fig. 2 for the BIFL data of 1 pM solutions of a single dye, R6G, and of an equimolar mixture containing two dyes, RB and R6G, in the solvent system water͞glycerol (wt % 60͞40). A typical multichannel scaler (MCS) trace is shown in Fig. 2A .
To compress the signal trace for the subsequent sliding analysis, we used only bursts with more than 100 fluorescence photons (marked by dots in the figure), yielding traces of ''quasicontinuous'' single-molecule events ( Fig. 2 B and C) . The vertical lines on the x axis indicate excised background signal between analyzed bursts. Fig. 2 B and C also shows the corresponding histograms of the varying fluorescence lifetimes in a trace by projection on the y axis. The trace of the single dye R6G has a single fluorescence lifetime, ϭ 3.7 ns, and a narrow -distribution with a standard deviation of 0.6 ns (Fig. 2B) . The statistical noise in the trace becomes apparent by fast fluctuations with a small amplitude.
The trace of the equimolar mixture (1 pM) of RB and R6G obtained in the same way exhibits jumps between two fluorescence lifetimes and has a broad distribution with two maxima ((RB) ϭ 2.3 ns, ϭ 0.3 ns and (R6G) ϭ 3.8 ns, ϭ 0.75 ns) ¶ (Fig. 2C ). This result with two types of bursts is clear evidence that the lifetime oscillations in Fig. 2C are due to the exchange of one molecule of R6G for a different one (RB) in the excitation volume. We note that the standard deviation of R6G in the mixture agrees well with the results of the pure dye. Furthermore, the values of the dyes correspond closely to those obtained in precision measurements individually ( ϭ 2.3 and 3.6 ns).
Because the photon number N determines the relative standard error (͞) ϳ (1͞N 1/2 ), a photon number of N ϭ 80 is sufficient to allow for the identification of single fluorescent dyes by means of their characteristic fluorescence lifetimes, ¶ At this concentration the average number of molecules in the detection volume Nav is 0.09 as determined by fluorescence correlation spectroscopy (1, 6, 13, 23) . This corresponds to a probability of 0.87 for finding fewer than two molecules in the detection volume over a time interval of 5 ms. which differ by a factor 1.5. This result is in exact agreement with statistical theory (26) (27) (28) and also with recent experimental results (13, 14, 30) . BIFL: Fluorescence Intensity Analysis. The BIFL technique opens up the possibility of corroborating results in an alternative way, because the two time parameters are measured independently. The time-lag ⌬t is also a measure of signal intensity (Fig. 1) . This allows fluorescence intensity fluctuations to be monitored in a MCS trace with a variable bin width and within a variable time window. By considering only a small time window within the central part of a fluorescence burst, the influence of processes on the fluorescence flow that occur on a faster time-scale than the Brownian motion of the molecule through the Gaussian detection volume can be studied (31) .
Here we are interested in the temporal characteristics of the fluorescence flow of a molecule F c (t) being proportional to the time-dependent fluorescence quantum yield ⌽(t), the laser intensity, and the absorption cross section of the dye, which is almost independent of the solvent polarity for TMR. Because the fluorescence quantum yield ⌽ is defined by the product (⌽ ϭ ϫ k F ) of the fluorescence lifetime and the emission rate constant k F , which is assumed to be constant, the observation of fluctuations in fluorescence lifetime (t) and intensity F c (t) are complementary methods to monitor molecular dynamics by a change in the fluorescence properties on a millisecond time scale. The validity of this method can be tested by varying the size of the detection volume V, because, in contrast to rate constants of kinetic processes, characteristic diffusion times are proportional to V (16). It must be pointed out, that in contrast to fluorescence intensity, the lifetime is an absolute parameter to characterize the fluorophore environment, and this parameter cannot be disturbed by the translational motion.
Single-Molecule Dynamics: Traces. We used BIFL to study the dynamics of a TMR-labeled oligodeoxynucleotide (CAA AGC GCC ATT CGC CAT TC) in aqueous solution. TMR is ideal for an environmental probe because of two properties: (i) the polarity of the environment influences its fluorescence lifetime, which ranges from 2.4 ns in aqueous solution to 3.6 ns in nonpolar solvents (15, 22, 32) ; (ii) the dye characterizes the binding site on the DNA, because its fluorescence is specifically quenched by guanine (33) .
The dwell time of the labeled oligonucleotide in the detection volume was increased by a factor of 13 by the formation of a hybrid (16) with a complementary Mϩ strand of the circular plasmid of phage M13ala15 (7,250 bases). We used a very low concentration (Ͻ1 pM) of the TMR-labeled DNA duplex combined with a small open detection volume (approx. 10 fl) and performed a selective analysis of the BIFL data to study the spectroscopy of individual molecules. Because we are interested in kinetic studies in the millisecond time range, we selected for subsequent analysis only those bursts that contain at least 1,000 consecutive photon events with a restricted time lag ⌬t (average ⌬t of 50 events Յ 250 s; see Fig. 3A ). Thirty single-molecule fluorescence bursts (approximately 15% of all bursts) with a minimum transit time of approximately 70 ms and an average count rate of 11 kHz were analyzed.
Two equivalent representations of a typical BIFL measurement of a TMR-labeled DNA duplex with two fluorescence bursts are shown in Fig. 3. Fig. 3A displays the time lag, ⌬t, and the event number of the signal. Using this ⌬t trace, we calculated a MCS trace (Fig. 3B ) with a bin width of 50 ms. A single molecule transit causes a fluorescence burst in the MCS trace, corresponding to a drop in the ⌬t trace because of the high count rate. The Inset of Fig. 3 shows detail of the fluorescence fluctuations in the ⌬t trace.
By using the sliding-scale analysis for a single burst, molecule dynamics can be investigated on the basis of a change of an absolute parameter, the fluorescence lifetime . Two typical traces, giving a snapshot of the conformational states and kinetics of individual molecules, are shown in Fig. 4 A and B , wherein the trace in A is calculated from the event numbers Fig. 3 . The three histograms I, II ,and III (Fig. 4C) , obtained from the bursts indicated by arrows in Fig.  4 A and B, represent typical fluorescence decay data and the corresponding MLE fit (Eq. 1), yielding the characteristic fluorescence lifetimes of 2.2, 3.7, and 1.3 ns, respectively. Both traces have a broad distribution with slow, large amplitude oscillations of the values with a frequency in the 5-ms range, which are much slower than for a single dye molecule (see Fig.  2 ). The center values of the distributions ϭ 2.8 Ϯ 0.7 ns (A) and ϭ 2.3 Ϯ 0.6 ns (B) differ significantly and the standard deviations are significantly larger than the expected statistical limit (28) .
Three-State Model. The inspection of all 30 bursts supports the above findings of statistically significant fluctuations with the occurrence of recurrent characteristic levels. The broad distributions suggest the existence of at least three conformational states. To prove this hypothesis, the true distribution has to be constructed by a jump-directed analysis (Fig.  1) , because a sliding-scale analysis, which uses a fixed number of events, cannot recover in principle sharp steps in a trace. However, the jump-directed analysis is an appropriate tool provided that the fluctuations are statistically significant. It is performed in three steps ( Fig. 1) : (i) A trace is generated by the sliding-scale analysis to identify recurrent levels (Fig.  4). (ii) Assuming three conformational states of the TMR-DNA duplex with characteristic fluorescence lifetime levels of 1.5, 2.3, and 3.6 ns (horizontal lines in Fig. 4) , the fluorescence lifetimes in a trace are assigned to one of the three levels on the basis of a minimum 2I* r (Eq. 1), being equivalent to pattern recognition algorithms (26, 27, 30, 34) . Thereby, jumps between two levels are located at equal 2I* r minimum values for two of the three levels. These 2I* r crossing points allow the detection of turning points in the trace of step 1. (iii) Finally, a fluorescence lifetime of the detected state is calculated by the MLE for the events between two jumps.
Clear evidence for the existence of three states is obtained by the jump-directed analysis of the 30 bursts yielding 948 levels (Fig. 5A) . The structured distribution indicates the superposition of two major populated levels [(A) ϭ 3.5 Ϯ 0.6 ns and (B) ϭ 2.3 Ϯ 0.2 ns] and one minor level [(C) ϭ 1.5 Ϯ 0.2 ns]. Fig. 5B gives the evidence for a direct correlation between the fluorescence intensity and lifetimes measured by BIFL. The MCS trace of the fluorescence intensity is compared (left axis, gray lines) with traces generated by jump-directed (bold line) as well as sliding-scale analysis (dotted line). The good agreement between the fluctuations of fluorescence lifetime and intensity is a direct proof that the dynamics can be independently monitored by (t) and F c (t).
Average Kinetics. The average kinetics of the dynamics can be studied directly by analyzing the duration of levels. According to our hypothesized three-state model, 948 values determined by jump-directed analysis (Fig. 5A) were assigned to three level classes defined by a certain range of values: level A( ϭ 3.6 ns) ϭ 2.7-5.4 ns, level B( ϭ 2.3 ns) ϭ 1.8-2.6 ns, and level C( ϭ 1.5 ns) ϭ 0.7-1.7 ns. For each state Fig. 6 gives a plot of the frequency in a state versus its level duration (ms). The curves can be well fit with a single exponential decay, yielding level relaxation times of 5.1, 6.7, and 3.1 ms for the 
where N is the number of product terms obtained for a time difference t c (correlation time). The value of G ␣ (t c ϭ 0) depends on the amplitude of the observed fluctuations, which corresponds to the signal contrast due to different fluorescence lifetime or intensity levels. The dependence of G ␣ (t c ) on time t c allows for an analysis of the equilibrium between these states by determining a relaxation correlation time and the corresponding equilibrium constant. The autocorrelation curves G F (t c ) for the F c (t) trace and G (t c ) for the trace were calculated for all bursts (Fig. 7  Insets) , yielding values in a wide range of 0.5 to 10 ms. Fig.  7 demonstrates the good linear correlation between the obtained F relaxation and relaxation correlation times (dotted line with slope unity).
To exclude that the analysis of the intensity correlation was influenced by diffusion, the detection volume was varied by a factor of 2. We obtained the same values as expected for a pure kinetic process.
The values of the amplitudes of the intensity correlation G F (0) of different bursts vary between 0.04 and 0.3. If only a two-level system would be assumed, which has an equilibrium constant of 1 and levels of 3.6 and 2.3 ns, an amplitude G F (0) ϭ 0.049 is obtained (equation 7 of ref. 35) . To explain all observed data, there must be a third level yielding a higher contrast ratio, which agrees with the three observed fluorescence lifetime levels (Figs. 4 and 5 ).
Considering a three-level system, the states A, B, and C with level relaxation times n ϭ 1͞k n (n ϭ A, B, C) being in the same order of magnitude (36), the time-dependent part of the fluorescence autocorrelation function G F (t c ) may be described by a single exponential with relaxation correlation time ϭ . 3) . The autocorrelation amplitude G F (0) of three states depends on the fluorescence quantum yields ⌽ A , ⌽ B , and ⌽ C of the levels A, B, and C and the ratio of the relaxation rate constants k n and predicts the range of amplitudes observed above.
[3]
We note that there is good agreement for the average relaxation correlation times av determined by the three different methods: F correlation, av (G F ) ϭ 4.0 ms; correlation, av (G) ϭ 4.3 ms; and direct level analysis, av () ϭ 3.0 ms. This result is additional evidence that the same conformational equilibrium is observed between states characterized by different fluorescence lifetimes and quantum yields.
Differing from Rigler et al. (16, 20) , we propose for our DNA sequence a scheme with three primary characteristic conformational states based on well established characteristic fluorescence lifetimes and quantum yields ⌽ of TMR (Fig.  8 ): state A, nonpolar environment (32) of a DNA complex: DNA ϭ 3.6 ns, ⌽ DNA ϭ 0.95; state B, polar environment: aq ϭ 2.4 ns, ⌽ aq ϭ 0.6 (identical to TMR in water); state C, quenching environment by guanine (33, 37) : G ϭ 0.9-1.7 ns, ⌽ G Յ 0.33. With regard to state C, it is noteworthy that photo-induced electron transfer is an important reaction step of nucleobase-specific quenching. Depending on the local conformation of the DNA, the quenching efficiency of guanine is determined by its distance from and geometric orientation relative to the dye. Hence, a fast equilibrium between several intermediate states C 1 , C 2 , and C 3 (Fig. 8) may exist: collisional quenching, significantly quenched ground-state complex, and reversible excited-state equilibrium. 
